Loss and/or degradation of small molecules during sampling, sample transportation and storage can adversely impact biological interpretation of metabolomics data. In this study, we performed in vivo sampling using solid-phase microextraction (SPME) in combination with non-targeted liquid chromatography and high-resolution tandem mass spectrometry (LC-MS/MS) to capture the fish tissue exposome using molecular networking analysis, and the results were contrasted with molecular differences obtained with ex vivo SPME sampling. Based on 494 MS/MS spectra comparisons, we demonstrated that in vivo SPME sampling provided better extraction and stabilization of highly reactive molecules, such as 1-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoleoyl-glycero-3-phosphocholine, from fish tissue samples. This sampling approach, that minimizes sample handling and preparation, offers the opportunity to perform longitudinal monitoring of the exposome in biological systems and improve the reliability of exposure-measurement in exposome-wide association studies.
Since genetic factors typically account for only about 18% of chronic disease risks 1 exposome-wide association studies (EWAS) that measure entire classes of small molecules in biospecimens (resulting from myriad of environmental exposures) are being conducted to discover unknown causes of chronic diseases 2 . In biological systems, small molecules can be either substrates or end products of cellular metabolism and can originate from exogenous sources via a myriad of exposures, or from endogenous processes including host and microbial metabolism. Most EWAS rely on untargeted metabolomics analysis of biospecimens from incident disease cases and matched controls to measure hundreds or thousands of features that then generate candidate discriminating biomarkers 3 . The choice of sampling, sample collection, and sample preparation strategy plays an important role in the quality of metabolomics data 4 . Issues of incomplete metabolism quenching, ionization suppression, and metabolite instability have been well-documented and can adversely impact data interpretation. One way to circumvent these issues is to use in vivo sample preparation techniques that provides a true(r) representation of the exposome by eliminating some of the variability introduced in sample depletion and multistep sample handling [5] [6] [7] [8] .
An example of such sample preparation technique is the sorbent-coated device, solid-phase microextraction (SPME). Over the past years, in vivo SPME has been successfully applied for targeted and untargeted metabolomics analysis of various biospecimens 9 owing to the biocompatibility of SPME coatings. In vivo SPME combine sampling, metabolite extraction, and metabolism quenching in one step, limiting loss and/or degradation of metabolites 9 . We have recently demonstrated that it is possible to extract hundreds of chemicals with a single coated fiber from plasma, including short-lived and unstable metabolites not detected and/or quantified accurately with other techniques 10, 11 . Here we performed in vivo SPME in combination with liquid chromatography (LC) and data-dependent tandem high-resolution mass spectrometry (MS/MS) to capture the fish tissue exposome, and examined molecular differences obtained with ex vivo SPME analysis from the same biospecimens using molecular networking analysis. In vivo extraction of metabolites from fish tissue (n = 60, white sucker) was achieved by inserting a PAN-C18 coated SPME blade into the dorsal-epaxial muscle for 20 min. Ex vivo SPME sampling was conducted using the same procedure but from tissue samples collected after fish euthanasia and being stored frozen. Extracted molecules were desorbed in an 80% v/v acetonitrile solution, and analyzed with reversed-phase LC-MS/MS using a pentafluorophenyl column and a Q-Exactive Quadrupole-Orbitrap MS in positive ionization mode (Detailed description of experimental conditions can be found in Supplementary Information).
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Materials and Methods
Study design. Adult white sucker (Catostomus commersonii) (40.8 ± 3.6 cm, 969.7 ± 303.3 g, n = 60) were collected by boat electrofishing from the Athabasca River in the Alberta oil sands region (Northern Alberta, Canada). As part of a larger sampling effort, twelve fish were collected in September 2013 from: 2 sites outside of the deposit, M0 (Athabasca) and M1, which are both downstream of a pulp and paper mill discharge; 1 site upstream of the oil sands development but within the deposit around Northlands Sawmill (Downstream of M3); 1 site adjacent to the oil sands development (Upstream of M4); and 1 site downstream of the Muskeg River within the deposit and downstream of the development (Downstream M4) (Fig. 1) . In total, a subset of 6 males and 6 females were selected at each site and held briefly (< 1 h) in cages in the river until sampling. SPME blade coating preparation. PAN-C18 SPME blades were prepared as previously described 12 by immobilization of particles on the surface of stainless steel blades. Briefly, 5 μ m particles (Supelco, PA) were immobilized (60 μ m coating thickness) using a polyacrylonitrile (PAN) solution which acted as a bonding agent.
In vivo and ex vivo SPME sampling procedure of fish tissue. All experimental protocols were in accordance with and as approved by the University of Waterloo Animal Care Committee (AUPP #10-17). In vivo extraction of metabolites from fish tissue was conducted by inserting a PAN-C18 SPME coated blade into the dorsal-epaxial muscle (near the dorsal fin) of fish immobilized using a large foam bed 13, 14 . The blade remained in place for 20 min while fish were held in an aerated, 28 L covered bucket. After 20 min, the blade was removed, rinsed with nanopure water to remove matrix components, and frozen in liquid nitrogen. Fish were then sacrificed and a small part of the dorsal-epaxial muscle was cut out, placed in aluminum foil and frozen in liquid nitrogen on-site and shipped to our laboratory. In the laboratory, ex-vivo SPME sampling was performed by inserting a PAN-C18 coated blade into a thawed, non-homogenized tissue sample for 20 min without agitation. Desorption of metabolites from the SPME coating of the blades was done by immersing them for 60 min in 1 mL of acetonitrile/water (80/20, v/v) with vortex agitation at 1000 rpm. Extracts were stored at − 80 °C until analysis. UPLC-Q-Exactive Orbitrap HRMS analysis. Metabolite profiling was conducted using an LC-MS system consisting of a ThermoAccela autosampler, pumps and a Q-Exactive Orbitrap System (Thermo Fisher Scientific, CA, USA). Metabolites were separated by a reversed-phase method using a pentafluorophenyl column (Kinetex Phenomenex, 2.1 mm × 100 mm, 1.7 μ m particle size) at a flow rate of 300 μ L/min. Mobile phase A consisted of water/formic acid (99.9/0.1, v/v) and mobile phase B consisted of acetonitrile/formic acid (99.9/0.1, v/v). The starting mobile phase conditions were 90% A from 0 to 1.0 min, followed by a linear gradient to 10% A from 1.0 to 9.0 min and an isocratic hold at 10% A until 12.0 min. The total run time was 18 min per sample, including a 6 min re-equilibration time. The injection volume was 10 μ L. Analyses were performed in positive ionization mode in the mass range of m/z 50-750. To maintain a mass accuracy better than 5 ppm, we used the following lock mass: m/z 391.2843. Instrument parameters were set as follows: sheath gas (Nitrogen) flow rate, 35 arbitrary units; capillary voltage, 3.1 kV; ion source temperature 280 °C; full MS automatic gain control (AGC), 1.10 6 ; spectra rate acquisition, 3.7 spectra/s; full MS resolution, 70,000. MS/MS fragmentation of the ten most intense ions per spectrum was performed using a normalized collision energy (NCE) of 50; MS/MS resolution, 17,500; MS/MS AGC, 2.10 5 ; precursor ion mass isolation window, 1 ppm. MS/MS exclusion list was set after 3 analyses of blank SPME samples.
UPLC-MS/MS data processing and molecular networking. Molecular networking of LC-MS/MS
data was performed using the Global Natural Products Social Molecular Networking (GNPS) software 15 . For MS and MS/MS spectral library search and molecular networking, we used an ion mass tolerance of 1 and 0.01 Da for precursor ions and fragment ions, respectively. A minimum cosine similarity score of 0.7 was used for MS/ MS spectral library matching. A minimum cosine similarity score of 0.7 and a minimum number of 6 matched fragment ions were used to form a network of two consensus MS/MS spectra. Resulting molecular networks were built and visualized using Cytoscape 3.2.1 16 . Precursor ion m/z was used as node attribute and cosine similarity score was used as edge attribute. . Green and blue nodes represent small molecules observed only after in vivo SPME sampling and ex vivo SPME sampling, respectively. Grey nodes represent small molecules detected using both sampling methods. Nodes with red border indicates annotated molecule by matching LC-MS/MS libraries with spectral similarity ≥ 0.7 Edge represents similarity between MS/MS spectra. Thickness of the edges indicates the level of similarity (the thicker is an edge, the more similar are MS/MS spectra).
Results and Discussion
After molecular networking of fish tissue LC-MS/MS data, we found 494 nodes representing consensus of at least two or more MS/MS spectra (Fig. 2) . The majority of the nodes matched chemicals detected in fish tissue using both sampling approaches. Only 7% of them could be identified by matching LC-MS/MS libraries with spectral similarity ≥ 0.7 ( Table 1 ), suggesting that the vast majority of chemicals in fish tissue are unknown. However, mapping the chemical similarity between unknown and identified molecules can help uncover chemical classes of the uncharacterized molecules. Although the majority of identified chemicals were endogenous molecules, four molecules including 4-methoxycinnamic acid, 1-hydroxybenzotriazole, diethylphthalate, and phenoxybenzamine used in the formulation of sunscreen products 17 dishwasher cleaning products 18 and plasticizers 19 or as active ingredients in pharmaceutical products 20 respectively, were detected in fish tissues. These chemicals probably originated from external exposures (i.e. water contamination), confirming that fish tissue offers opportunity to reconstruct past environmental exposures due to bioaccumulation of persistent organic toxicants, and can be used to monitor aquatic ecosystem health.
We then evaluated the ability of in vivo SPME to capture unstable molecules. We observed that 16% of the nodes were only detected after in vivo SPME sampling, while 21% only found after ex vivo SPME sampling. Molecules only observed with in vivo SPME include cinnamic acids, glycerophosphocholines, Cosine similarity value between experimental MS/MS spectrum and MS/MS spectrum from public LC-MS/MS libraries. G1: ex-vivo SPME sampling; G2: in-vivo SPME sampling.
phenylmethylamines, phenoxybenzamines and pyridincarboxylic acids originating from both exogenous and endogenous exposures (Table 1 ). For example, 1-oleoyl-sn-glycero-3-phosphocholine is a lipid-signaling molecule generated by phospholipase enzymes 21 . This compound contains an unsaturated acyl chain where the hydrogen atom on methylene groups adjacent to the double bounds has low carbon-hydrogen (C-H) bond energies, and is therefore a major target for modification under oxidative conditions after sample collection 22 . Five other glycerophosphocholines ( Fig. 1B ; m/z 542.322, m/z 524.376, m/z 568.342, m/z 544.340, and m/z 510.359) were only detected using in vivo SPME, but was not successfully identified due to the lack of adequate similarity (cosine ≥ 0.7) between their MS/MS spectra and those from public LC-MS/MS libraries. This result possibly indicates that these molecules have not been previously identified due to their chemical instability or experimental MS/MS spectra produced were a composite of two or more molecules. Similarly, cinnamic acids, phenylmethylamines, phenoxybenzamines and pyridincarboxylic acids only detected after in-vivo SPME are also highly reactive compounds prone to auto-oxidation during sample transportation and storage. However, glycerophosphocholines containing saturated acyl chains, such as 1-palmitoyl-sn-glycero-3-phosphocholine, which was detected after both in vivo and ex vivo SPME, are more resistant to oxidation 22 . Some molecules were only observed after ex-vivo SPME, including 6-hydroxynicotinate, hydroxyproline and 2-heptyl-3-hydroxy 4-quinolone. Previous studies have demonstrated that 6-hydroxynicotinate and 2-heptyl-3-hydroxy 4-quinolone are essentially produced from bacterial metabolism 23, 24 and possibly originated from tissue degradation during sample transportation and storage. Hydroxyproline, a major constituent of collagen, is also used as an indicator of tissue damage or degradation 25 .
Conclusion
In summary, we demonstrated that in vivo SPME sampling provided extraction and stabilization of highly reactive chemicals, not detected by ex vivo sample preparation techniques due to their auto-oxidation during sample collection, transportation and storage. In vivo SPME sampling provides extraction of molecules with a wide range of chemical and physical properties 9 (balanced coverage), which originate from exogenous sources via environmental exposures or from endogenous processes including host and microbial metabolism. In vivo SPME sampling as a minimally invasive technique also offers the opportunity to perform repeated sampling over time on the same subject, limiting inter and intra-individual variability in levels of circulating molecules arising from changes in environmental factors (e.g. diet or sources of pollutants).
